The star l Orionis is a spectroscopic visual quadruple system in which each visual component is a shortperiod spectroscopic binary. The visual orbit has a period of 18.644 yr, a high eccentricity of 0.7426, and a high inclination of 96=2. The visual primary consists of an Am star and probably a G or early K dwarf that orbit each other in a nearly circular orbit with a period of 4.4475858 days. The visual secondary consists of a pair of F5: V stars in a circular orbit with a period of 4.7835361 days. While the masses of the two stars are nearly identical and the magnitude difference between the pair is close to zero, the projected rotational velocities differ by almost a factor of 2. The orbit for the B subsystem is not coplanar with the visual orbit, while that for the A subsystem is probably not coplanar as well. The orbital parallax of 0>02107 AE 0>00018 is more accurate than that obtained from the Hipparcos observations and corresponds to a distance of 47.5 AE 0.4 pc. A comparison with evolutionary tracks indicates that the Am star is near the end of its main-sequence evolution.
INTRODUCTION
The star l Orionis (HR 2124 = HD 40932 = A2715 AB = ADS 4617, = 06 h 02 m 239 0, = +09 38 0 50>1 [J2000.0], V = 4.13) is a close quadruple system. Its primary, component Aa, is an Am star (Slettebak 1954; Abt & Morrell 1995) .
Because it is a bright and relatively nearby system, l Ori has been included in a variety of catalogs, and so it has numerous designations. One of the more interesting ones comes from van Bueren (1952) , who assigned l Ori number 169 in his list of possible members of the Hyades but determined that it is a nonmember. Later studies, such as those of Giclas, Burnham, & Thomas (1962) and Perryman et al. (1998) , have come to the same conclusion.
Three components of l Ori were found early in the 1900s, but it took nearly an additional three-quarters of a century for the inventory of stars to be completed. Frost's (1906) discovery of l Ori as a single-lined spectroscopic binary, component Aa, was followed within a decade by Aitken's (1914) revelation that l Ori is also a visual binary, components A and B. Using 124 radial velocities, Frost & Struve (1924) found Aa to have a period of 4.447 days and an essentially circular orbit. From its variable center-of-mass velocity, they determined rough elements of the visual binary system, including a period of 18 yr and an eccentricity of 0.6. Additional radial velocities by Frost, Barrett, & Struve (1929) near the time of the next periastron passage enabled Bourgeois (1929) to improve the long-period spectroscopic elements, the eccentricity being increased to 0.76. He also determined preliminary visual orbital elements. Alden (1942) pointed out that although the magnitude difference of the visual pair is quite large, estimated to be greater than 2 mag by early visual observers, the B component appears to contain about 60% of the system's total mass, in apparent violation of the mass-luminosity relation. Computing a new visual orbit, as well as an astrometric orbit from photographic plates, he concluded that the reality of the large mass for component B was still open to question. As a result, he urged that additional spectroscopic observations be made during the next periastron passage. Such observations, obtained by Popper (1949) , confirmed the high eccentricity of the visual orbit and the unexpectedly large mass ratio.
Our understanding of the system improved when Fekel (1980) solved the problem of the overmassive B component. He obtained red-wavelength spectrograms that showed B to be a double-lined spectroscopic binary consisting of two Ftype stars, components Ba and Bb, having a period of 4.7838 days. Thus, the system is quadruple, containing a visual pair, each member of which consists of two components. Labeyrie et al. (1974) resolved the visual components (AB) of l Ori with speckle interferometry. This technique has been used by McAlister and collaborators (see Hartkopf, McAlister, & Mason 2001b ) to obtain precise measurements of the visual pair. After the periastron passage of the long-period orbit at the beginning of 1985, Heintz (1989) produced an improved orbit from observations that included some speckle measurements.
During the past four decades additional sets of spectroscopic observations of Aa, which cover only a portion of the long-period orbit, have been obtained at blue wavelengths. Scarfe (1967) presented 75 velocities from prism spectra taken by R. M. Petrie at the Dominion Astrophysical Observatory (DAO) up through 1964 February and revised the period of Aa to 4.447622 days. Abt, Sanwal, & Levy (1980) published 30 velocities from spectra obtained at Kitt Peak National Observatory (KPNO). Using seasonal means of their velocities, as well as additional velocities in the literature, and adopting the period, eccentricity, and longitude of periastron from Osvalds' (1964) orbit, they computed the other spectroscopic orbital elements for component A. As part of a study of metallic-line binaries, Abt & Levy (1985) published an additional 20 velocities from KPNO spectra.
With mostly his own unpublished observations, Fekel (1992) determined a preliminary long-period orbit for Aa using radial velocities alone. For elements in common, there was good agreement with the visual orbit of Heintz (1989) . Sö derhjelm's (1999) recent visual orbit, which resulted from a combination of Hipparcos astrometry and ground-based data, refined the visual elements still further.
Using 55 CORAVEL radial velocities of Aa obtained over a period of 14 yr plus constraints from additional spectroscopic and speckle observations, Debernardi et al. (2000) obtained orbital elements for Aa and AB. Their period for Aa is 4.44757 days and for AB, 6953 days or 19.04 yr.
High-resolution spectroscopic observations and speckle interferometry measurements have continued over the past decades at several observatories. Our extensive data sets and previously published observations of others enabled us to compute definitive spectroscopic and visual orbital elements for l Ori. Using additional astrophysical data plus these elements, we have determined fundamental properties of the l Ori system and its components.
RADIAL VELOCITY OBSERVATIONS AND REDUCTIONS
Between 1965 and 1999, photographic observations of l Ori Aa have been obtained on Kodak IIa-O plates at the DAO, with the 1.2 m telescope and its coudé spectrograph. Initially, 16 plates were obtained between 1965 and 1969 at a reciprocal dispersion of 6.5 Å mm À1 . However, since the mosaic grating and image slicers (Richardson 1968 ) became available, observations have been made with them at 2.4 Å mm À1 . Between 1968 and 1999, 84 such plates were obtained, at least one in each season, except for 1971-1972 and 1978-1979 , when the observer (C. D. S.) was away from Victoria for the whole observing season.
All the plates have been measured with the ARCTURUS measuring machine at DAO. The lines used are listed in Table 1 , and a few whose rest wavelengths were adjusted to give zero mean velocity residual for all plates are specifically identified. Those lines gave highly consistent velocity offsets from the overall means and are believed to be unresolved blends. Some of the lines used at 2.4 Å mm À1 proved to be unsuitable for 6.5 Å mm À1 . Thus, several additional lines were measured on the latter plates, and those found to give consistent results were used to find the final velocities and are included in the table. Measurement of 12 plates of 68 Tau at 2.4 Å mm À1 , with the same lines as those used for l Ori, gave a mean value of 38.9 AE 0.1 km s À1 , in excellent agreement with the result of Fekel (1999) . This led us to anticipate that the DAO plates at that dispersion should show no significant difference in zero point from the KPNO data, an expectation that has been borne out in our orbital solutions. However, seven 6.5 Å mm À1 plates of 68 Tau, similarly treated, gave a mean velocity of 38.2 AE 0.2 km s À1 , and as a result, 0.7 km s À1 has been added to the raw velocities of l Ori at that dispersion prior to our use of them for those solutions. The DAO observations of l Ori are set out in Table 2 .
Fifteen red-wavelength observations, obtained between 1977 and 1978 at McDonald Observatory, were published previously in Tables 1 and 3 of Fekel (1980) . From 1979 From to 1982 additional spectrograms were acquired at McDonald Observatory with the 2.7 m telescope, coudé spectrograph, and a Reticon solid-state detector. Those observations, like the ones published previously by Fekel (1980) , cover 100 Å centered at 6430 Å and have a resolution of either 0.22 or 0.33 Å .
From 1982 to 2001, 105 observations were collected at KPNO with the coudé feed telescope, coudé spectrograph, and various CCD detectors. Two spectra, having a central wavelength of 6410 Å , a wavelength range of 165 Å , and a resolution of 0.45 Å were taken with a Fairchild CCD during 1982 April. In 1983 January and April, six spectra, having a central wavelength of 6430 Å , a wavelength range of 65 Å , and a resolution of 0.30 Å were acquired with an RCA CCD. Over the past 17 yr, from 1983 September to 2001 April, the remaining 97 spectra were obtained with a TI CCD. Fifteen of those were centered at 4500 Å , while the rest were centered at 6430 Å . Both the blue-and red-wavelength spectrograms have a wavelength range of about 80 Å , a resolution of 0.21 Å , and a typical signal-to-noise ratio of 200-300.
Radial velocities were determined with the procedure of Fekel, Bopp, & Lacy (1978) or by cross-correlation with the IRAF program FXCOR (Fitzpatrick 1993) . Several spectra were measured with both techniques, and no systematic difference was found between the results. In the 6430 Å region, lines of Ba and Bb are visible (see Fig. 1 of Fekel 1980) but are so weak that only the best two or three lines, chosen by visual inspection, were used to obtain radial velocities of those components. For the red-wavelength spectra, the International Astronomical Union (IAU) radial velocity standards 10 Tau or Vir were used. Their velocities of 27.9 and 4.4 km s À1 , respectively, were adopted from Scarfe, Batten, & Fletcher (1990) . For the blue-wavelength spectra, the primary velocity standard was 68 Tau, although HR 2489 and HR 3383 were sometimes used. Velocities for those stars, adopted from Fekel (1999) , are 39.0, 7.7, and 2.8 km s À1 , respectively. All the McDonald Observatory and KPNO observations for component Aa are listed in Table 3 , while those for Ba and Bb are given in Table 4 . Some of the velocities differ slightly from those listed by Fekel (1980) because different radial velocities were adopted for two of the IAU standard stars. Table 5 shows the visual and interferometric measurements of l Ori = A2715 AB published through 2001 and tabulated in the database of the Washington Double Star Catalog (WDS; see Mason et al. 2001) . Also listed is a single, previously unpublished, speckle interferometry measurement obtained at the KPNO 4 m telescope in 2001 January. Columns in Table 5 include the date of observation, expressed as fractional Besselian year, orbital phase, and the observed position angle h in degrees and separation McDonald and KPNO Radial Velocities of l Ori Ba and Bb 
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Besselian Year Phase in arcseconds. For each observation, the assigned weight, telescope aperture, and observing technique are also given.
Some measurements made with speckle interferometry were published with position angles differing by 180 from the values tabulated here. This was an inevitable by-product of the quadrant ambiguity inherent in early vector autocorrelation reduction techniques. For most systems, this ambiguity is of little consequence, since the '' correct '' quadrant usually becomes obvious through orbital analysis or comparison with visual data. When appropriate, some of the quadrants in Table 5 have been adjusted to match, as closely as possible, the values predicted by the new orbit. 
ORBITAL SOLUTIONS
Differential-correction programs to determine the spectroscopic, visual, and three-dimensional (simultaneous spectroscopic visual) orbits for binary or triple systems, based on the method of nonlinear least squares, have been developed at the University of Victoria (by D. J. B.) and are described in the study of HD 202908 . Individual solutions for data of each kind yield standard errors of an observation of unit weight, V , h , and , for the radial velocities, position angles, and separations, respectively. These are then used as input into solutions for data of more than one dimension, which yield new values for the 's; these should not differ significantly from the input values if the data are mutually compatible. These programs have been used in other studies such as HR 6469 (Scarfe et al. 1994 ) and, more recently, 64 Ori (Scarfe, Barlow, & Fekel 2000) ; they have been used to obtain several solutions for the orbital elements of l Ori, which are described in the next few paragraphs.
To begin with, the radial velocity data for Aa set out in Tables 2 and 3 were used to obtain a triple-system solution for that subsystem, which gave a standard error of unit weight V = 0.28 km s À1 . Preliminary solutions determined relative weights (DAO 2.4 Å mm À1 : DAO 6.5 Å mm À1 : McDonald : KPNO = 1.0 : 0.5 : 0.1 : 0.3) that led to similar standard errors of unit weight for each set of observations and showed by the application of Bassett's (1978) second test (Lucy 1989 ) that the small eccentricity of the short-period orbit is statistically significant. As for 64 Ori (Scarfe et al. 2000) , no significant improvement of the precision of the periods was obtained by including observations other than our own. This is due to the low weights that were assigned to the older observations together with their zeropoint uncertainties (gains normally expected to be achieved by their inclusion were lost when the systematic differences between observatories were included as additional parameters to be found simultaneously with the orbital elements).
In the next step, the visual and interferometric data set out in Table 5 were used to obtain a visual binary solution. We adopted the weighting system described by Hartkopf, Mason, & Worley (2001a) , which is based on observing technique, telescope aperture, binary star separation, and observer expertise.
Initially, separate solutions were obtained from the position angles and separations, and these gave standard errors of unit weight h = 1=8 and = 0>0024. They were followed by a two-dimensional solution from both quantities simultaneously, in which h and each increased by only one digit in the second significant figure, an indication of the excellent agreement between the elements in common from the separate solutions.
The differences between the values of the long-period elements common to both the spectroscopic triple-system solution for Aa and the visual binary one, which were obtained from those solutions, were all less than twice their respective uncertainties. Therefore, with V = 0.28 km s À1 , h = 1=8, and = 0>0024, the two kinds of data were then combined in a simultaneous three-dimensional solution. The value of V remained unchanged to two significant figures and, as in the case of the visual binary solution, h and each increased by only one digit in the second significant figure, an indication that the elements accurately represent all the data.
Finally, the velocities of Ba and Bb from Table 4 were combined in a triple-system solution for the short-period elements and the amplitude of the long-period variation of the velocity of this close pair's center of mass, with all the other elements of the long-period orbit adopted from the three-dimensional solution. As had been done for the Aa data, preliminary solutions were used to obtain relative weights (for Ba, McDonald : KPNO Fairchild and RCA CCDs : KPNO TI CCD = 0.05 : 0.01 : 0.10, with those for Bb a factor 0.6 smaller still for each data set) that yield the same standard error for an observation of unit weight as the Aa data and showed by the application of Bassett's (1978) second test (Lucy 1989 ) that the eccentricity of this shortperiod orbit is without statistical significance. As for HR 6469 (Scarfe et al. 1994) , the resulting relative weights for the components of the secondary star are much smaller than those for the primary. Thus, it was not considered worthwhile to obtain a simultaneous solution for all three stars because the long-period elements, except of course for the velocity amplitude of the secondary star, would have been determined almost as they are in our method, solely by the primary.
The elements from the three-dimensional solution for A and the triple-system solution for B are presented in Table 6 and yield the light-time corrections (to the center of mass of the quadruple system) and velocity residuals in Tables 2, 3 , and 4 and the visual and interferometric residuals in Table  5 , respectively. In Table 6 for the short-period orbital elements of component A, we have chosen to list T 0 rather than T because the eccentricity is so small that the former element is a much more accurate marker than the latter. We also note that the convention for listing the orbital element ! differs for spectroscopic and visual orbits. For the short-period binary component of A, we have listed the value of ! corresponding to the primary, component Aa. For the longperiod orbit, which includes both spectroscopic and visual observations, we give the value for component B. Figure 1 presents the short-period velocity curve for component Aa, where each plotted velocity consists of the observed velocity minus its calculated long-period velocity. Zero phase is a time of maximum positive velocity. Similar short-period velocity curves for components Ba and Bb are shown in Figure 2 . Figure 3 presents the velocity curves for the long-period orbit. Zero phase is a time of periastron passage. Each plotted velocity for component A consists of the observed velocity of Aa minus its calculated short-period velocity. For component B, the ratio of the short-period amplitudes,
can be used to provide an estimate of the short-period systemic velocity for each pair of velocities, V Ba and V Bb , by means of the expression
Values of B calculated this way are plotted in Figure 3 . Figure 4 shows the ellipse that represents the long-period elements, fitted to the visual and interferometric data. As a matter of interest, we obtained an additional spectroscopic solution for each subsystem that did not make use of light-time corrections. In each case, a standard variance ratio test indicated that their use had led to a reduction of the sum of the weighted squares of the velocity residuals No. 3, 2002 l ORIONISthat was significant at the 1% level (the reductions being 64% for the primary and 49% for the secondary). This is more significant than that obtained for HD 202908 (Fekel et al. 1997) , where the reduction of 19% was significant at the 5% level but not at the 1% level.
The recent visual orbit of Sö derhjelm (1999) has been given a grade of '' good '' in the Fifth Catalog of Orbits of Visual Binary Stars (Hartkopf et al. 2001a ). The elements of Sö derhjelm's (1999) orbit are generally in excellent agreement with our new determination. While he did not give errors for the elements, Sö derhjelm did note that the number of places to the right of the decimal point for P and a reflects the uncertainties of those elements. This indicates that the uncertainties of our elements are at least a factor of 10 smaller.
MAGNITUDE DIFFERENCES
The determination of accurate magnitude differences between components of close visual double stars has long been difficult. The more classical techniques of doubleimage photometry, wedge photometry, area scanning, double-image micrometry, or even photography are typically much better suited to systems that are more widely separated than the system discussed here. Furthermore, while historically many double star observers have published magnitudes, there is often no differentiation between publishing a magnitude estimate made by the observer and a catalog magnitude published simply to aid in identification. However, some double star observers have published Tables 2 and 3 , minus the velocities of the center of mass of Aa and Ab in the long-period orbit, calculated from the elements in Table 6 . The curve represents the short-period elements from the same table. Zero phase is a time of maximum velocity. Table 4 , minus the velocities of the center of mass of Ba and Bb in the long-period orbit, calculated from the elements in Table 6 . The curves represent the short-period elements from the same table. Zero phase is a time of maximum velocity for Ba. instead the magnitude difference, the measured or estimated Dm in the observed passband, of the components. In addition some publications (compiled in the USNO Photometric Magnitude Difference Catalog , also known as the Dm Catalog) are specifically tailored for the determination of magnitude differences. Table 7 contains magnitude difference estimates that were included with the measurements tabulated in the WDS, as well as measurements from the Dm Catalog. Column (1) is the magnitude difference (with error when known). Column (2) contains information regarding the wavelength of observation (effective wavelength and full width at half-maximum [FWHM] ). '' Broadband visual '' indicates a visual estimate made without a filter. With the exception of Baize's (1957) estimate, the determinations are reasonably consistent. The measurement of Labeyrie et al. (1974) was made from a determination of the relative intensities in an autocorrelation map; the authors did not give the FWHM of the filter that was used. The Hipparcos filter information is based on Table 1 .3.1 of Volume 1 of the Hipparcos and Tycho Catalogues (ESA 1997) . Column (3) lists the method used, while column (4) gives the reference.
Recently, from observations obtained with the Tycho instrument of Hipparcos, Fabricius & Makarov (2000) determined B T and V T magnitudes for the visual components of l Ori. We have converted those Tycho magnitudes to the Johnson system with the formulae in Volume 1 of the Hipparcos and Tycho Catalogues (ESA 1997) . For the A component, V = 4.33 mag and (BÀV ) = 0.12 mag, while the corresponding values for the B component are 6.18 mag and 0.59 mag, respectively. Thus, DV = 1.85 mag, which we assume in our calculations.
6. SPECTRAL TYPES Slettebak (1954) classified component Aa as an Am star with an A3 Ca ii K line and an A7 metallic-line spectrum.
More recently, Abt & Morrell (1995) determined the spectral classes of its Ca ii K, Balmer, and metallic lines to be A4, A5, and A7, respectively.
We planned to determine the spectral types of l Ori with a spectrum addition technique used by Strassmeier & Fekel (1990) . They identified several luminosity-sensitive and temperature-sensitive line ratios in the 6430-6455 Å region and used them, along with the general appearance of the spectrum, as spectral type criteria for F, G, and K stars. From the list of Abt & Morrell (1995) , the spectra of 10 slowly rotating Am stars with classifications similar to those of l Ori were obtained at KPNO with the same telescope, spectrograph, and detector as our spectra of l Ori. The spectra of various F stars from the list of Keenan & McNeil (1989) were obtained similarly. The wavelength region around 6430 Å contains primarily Fe i lines but also has three Fe ii features and three Ca i lines. Unfortunately, we were unable to find a satisfactory Am-type reference star to compare with l Ori Aa. Most of the observed Am stars were rotating more rapidly than l Ori Aa and often had weaker Fe i lines, while in one star, HR 4750, lines of a secondary component were found.
Canonical relations, such as those of Gray (1992) , for spectral class versus mass, spectral class versus color, and spectral class versus absolute magnitude can be used to get an initial estimate of the spectral types of Ba and Bb. The nearly identical masses of 1.4 M , determined in x 8, indicate a mid F spectral type for each component. On the other hand, (BÀV ) = 0.59, derived for the B visual component from the Tycho photometry, as well as the V-magnitude difference for the A-B system, imply a late F spectral class for the mean component of B. Although these estimates differ somewhat, they indicate that components Ba and Bb are approximately a full spectral class later than Aa.
In an attempt to improve the estimate of their spectral types, comparison spectra were created with a computer program developed by Huenemoerder & Barden (1984) and Barden (1985) . Various combinations of F-type referencestar spectra were rotationally broadened, shifted in radial velocity, appropriately weighted, and added together with a featureless continuum representing Aa. Those combination spectra were compared with the observed spectrum of l Ori. Estimation of the spectral types is made more difficult because, as shown in Fig. 1 of Fekel (1980) , the lines of Ba and Bb are quite weak, having residual intensities of only 2%-3%. While the rotational velocities of the two stars differ, the spectral types of Ba and Bb appear to be very similar, and identical spectral types were assumed. The best combination spectrum is between mid and late F stars. The Fe i blend at 6400 Å is fitted a bit better by stars of late F type, but the three Fe ii lines are fitted better by mid F stars. Thus, we estimate a spectral type of F5: V for both Ba and Bb with a magnitude difference of 0.0. The colon indicates that the classifications are more uncertain than usual because of the difficulties discussed above.
As noted earlier, the V magnitude difference between components A and B is nearly 2 mag. Thus, Ba and Bb are quite faint relative to Aa, and, of course, we are unable to detect the spectrum of Ab at all, although presumably it is a main-sequence star even cooler and fainter than Bb. Since the light of the Am-type star dominates the system, it is not surprising that the UÀV, VÀR, and VÀI color indices of l Ori published by Johnson et al. (1966) are quite similar to those of other stars of the same BÀV and of mid-to-late A Tables 2 and 3 , minus the velocities in the short-period orbit, calculated from the elements in Table 6 . The open symbols represent the velocities of the center of mass of Ba and Bb, calculated by means of equation (2) from the velocities listed in Table 4 for all dates when velocities of both components of B were measured. Dates on which the velocity of only one of those components could be measured are excluded. Zero phase is a time of periastron passage. The curves represent the long-period elements from Table 6 . No. 3, 2002 l ORIONIStype. Nevertheless, we combined the colors from Johnson (1966) for stars with mid A and mid-to-late F spectral types in an attempt to reproduce the color indices of the composite l Ori system . For the visual components, the V mag difference of 1.85, computed from the Tycho photometry, was adopted. As expected, the colors do not provide as strong a determination of the spectral types of the F stars as one might like. In agreement with the spectroscopy, a combination of an A5 V star and a pair of F5 V stars (Table 8 ) produces slightly better results than an A5 V plus two F8 V components. We have determined projected rotational velocities of the components with the procedure of Fekel (1997) . For each component, the FWHM was measured for several metal lines in the 6430 Å region, and the results were averaged. An instrumental broadening of 0.21 Å was found by taking the square root of the difference between the squares of measurements of the stellar and comparison lines and was removed from the measured broadening, yielding the intrinsic broadening. A calibration polynomial was used to convert this broadening in angstroms into a total line broadening in kilometers per second. For the Am star, this broadening was assumed to be the rotational velocity, while for the two mid F stars, a macroturbulence of 4 km s À1 was assumed and removed.
From an average of 14 spectra, component Aa has v sin i = 9.7 km s À1 with an estimated uncertainty of 1.0 km s À1 . Our value is in excellent agreement with the CORAVEL measurements. Although the strongest lines of Ba and Bb have depths of only 2%-3% in the 6430 Å region, it is obvious from visual inspection of those spectra that the two components have rather different projected rotational velocities. The v sin i values for Ba and Bb are 6.5 AE 2.0 and 11.2 AE 2.0 km s À1 , respectively, both of which are means from 11 spectra. We caution, however, that because the lines of Ba and Bb are quite weak, noise and possible blends from other lines may cause our measured v sin i values of these two components to be systematically too large.
DYNAMICAL PARAMETERS
Our orbital solutions provide directly the masses of Ba and Bb and the total mass of the system Aa plus Ab, as well as the mass function of that system, f A (M). From them, it is also easy to deduce the orbital parallax, distance, and distance modulus of the system. All these quantities are presented in the first part of Table 9 , except for f A (M), which is the last entry in Table 6 . The inclination of the short-period orbit of component B is also readily found from the other elements of that orbit as is the total mass of B derived from References.
- (1 No. 3, 2002 l ORIONISthe long-period orbit; both of which are presented in Table 9 . Next, it is not difficult to show that if i A is the unknown inclination of the plane of the mutual orbit of Aa and Ab, then It is clear that M Ab cannot be smaller than 0.48 M for any real value of i A and hence that M Aa cannot be larger than 2.60 M . Assuming Ab to be a main-sequence star and not a degenerate one, the opposite extreme is provided by the fact that Ab is invisible in the spectrum. It is hardly likely to have a mass greater than about 1.2 M , which is scarcely 0.2 M less than those of Bb and Ba. Thus, the mass of Aa must be at least 1.85 M and i A at least 23
. From its spectral type, the mass of Aa might be expected to be near the low end of the above range, i.e., about 1.8-2.0 M . However, the magnitude difference of 2.6 between Aa and Ba, interpreted as a bolometric one, suggests a mass near the top of the range, if we adopt the mass-luminosity relationship L = M 4 in solar units.
We used our orbital parallax plus the apparent visual magnitudes of the individual components listed in Table 8 to determine the absolute visual magnitudes of 0.93, 3.53, 3.53 mag for Aa, Ba, and Bb, respectively. Because the system is less than 50 pc away, we did not include any interstellar reddening. We then computed the luminosities and radii of the components. For spectral types A5 V and F5 V, we adopted the colors of Johnson (1966) and used the corresponding bolometric corrections, which are quite small, and effective temperatures from Flower (1996) . All these derived fundamental quantities are listed in Table 9 .
Turning now to the orbital angular momenta, it is easy to derive that of the long-period orbit, J L , as a vector, as well as the magnitude, J B , of that of the short-period orbit of component B. These quantities are included in Table 9 . As expected, the magnitude of J L is more than an order of magnitude larger than J B . For the short-period orbit of A, the angular momentum J A cannot be found, since the individual stellar masses are unknown, but it can be expressed in terms of the product M Aa M Ab as
Here M A comes from the long-period orbit and everything else from the short-period orbit of Aa. This equation can be simplified by substituting for f A (M),
to obtain
which, in turn, yields
The maximum possible value of J A is 2.35 M AU 2 yr À 1 , for M Aa = M Ab , but for more likely values of those masses, J A will probably be slightly less than J B . Thus, even though the orbits cannot be coplanar, the direction of the total angular momentum must be closely similar to that of J L .
DISCUSSION
Our computed absolute visual magnitudes for the Ba and Bb components (Table 9 ) are exactly those expected for two F5 V stars, according to the canonical relations of Gray (1992) . However, for component Aa, our absolute visual magnitude is over 1 mag brighter than expected. Burkhart & Coupry (1989) included l Ori in an abundance analysis of Am-type stars in the Hyades cluster. For Aa, the Am component, they estimated an iron abundance that is slightly greater than solar but somewhat less than the iron abundance of several Am stars in the Hyades.
As a result, we have compared the components of l Ori with the Z = 0.02 evolutionary tracks of Schaller et al. (1992) . Figure 6 shows four evolutionary tracks with masses ranging from 1.25 to 2.5 M and the positions of the three visible components. In the figure, the positions of Ba and Bb are identical, since we have adopted a magnitude difference of 0.0. As noted previously, effective temperatures for the stars are from the scale of Flower (1996) . The uncertainties in the temperatures are estimated to be 250 K for Aa and 200 K for Ba and Bb. The temperature uncertainty for Aa is based on differences in the temperature scales of Gray (1992) and Flower (1996) . The temperature uncertainty of Ba and Bb results from considerations of spectral type uncertainties, uncertainty in the magnitude difference between Ba and Bb, and temperature calibration differ- Fig. 5. -Masses of l Ori Aa (dashed curves) and Ab (solid curves) plotted against the inclination of their mutual orbit. In each group of three curves, the central one assumes the most probable values of the short-period orbit's mass function and the combined mass. The upper and lower curves assume values larger and smaller by 1 , respectively; at the scale of this figure, the curves for Ab are not resolved and appear as a single thick curve. The uncertainty of M Aa is larger than that of M Ab at any inclination because it depends more strongly on the relatively poorly determined total mass of the pair.
ences. For Aa, the luminosity uncertainty is smaller than the plotted symbol, while the increased uncertainty for Ba and Bb results from the inclusion of uncertainty for their magnitude difference.
The position of Aa is consistent with an A-type star having a mass of 2-2.2 M , which, compared with the total mass of component A, suggests that Ab, the unseen component, is probably a G or early K dwarf. The evolutionary tracks indicate that Aa has an age of 1 billion yr and is near the end of its main-sequence lifetime. The Ba and Bb components are close to the zero-age main sequence with masses of 1.3-1.35 M , reasonably consistent with their F5: V spectral types and our computed masses of 1.4 M .
Tidal effects (see, e.g., Zahn 1977) and/or a hydrodynamic mechanism (Tassoul 1987) can produce rotational synchronization in binary components and circularization of their orbit. The masses of components Ba and Bb indicate that the spectral types and radii of the two stars should be quite similar. Our computed radius of 1.33 R ( Table 9) for each of those two components is essentially identical with canonical values. Thus, we adopted our radius to compute a synchronous rotation velocity of 14.1 km s À1 for both components. Using the orbital inclination of the Ba-Bb system (Table 9 ) and assuming, as is usually done, that the rotation and orbital axes are parallel, we computed v sin i = 13.1 km s À1 . Our measured v sin i values are 6.5 AE 2.0 and 11.1 AE 2.0 km s À1 for Ba and Bb, respectively. It is clear, therefore, that Ba is far from synchronously rotating, unless the assumption of parallel axes is incorrect. Component Bb is rotating more rapidly and, within the uncertainties, may be synchronously rotating.
For component Aa, the Am star, a radius of 2.85 R and orbital period of 4.448 days result in a synchronous rotation velocity of 32.4 km s À1 . Combining our v sin i with that of Debernardi et al. (2000) , we determined a mean of 10.2 km s À1 . Thus, if the rotation is synchronous, the inclination of the axis is 18
. If we again assume that the rotation and orbital axes are parallel, the mass of Ab, the unseen component of the quadruple system, would be 1.5 M , nearly 50% of the mass sum for component A. Based on the known properties of Aa, such a low orbital inclination and, therefore, synchronous rotation can be ruled out.
Both tidal theory (Zahn 1977 ) and the hydrodynamic mechanism of Tassoul (1987) are in agreement that the timescale for rotational synchronization is much shorter than that for orbital circularization. Thus, we might expect both short-period orbits to have at least modest eccentricities, but such is not the case. Components Ba and Bb have a circular orbit, while the orbit for Aa and Ab, with an eccentricity of less than 0.01, is nearly circular. This apparent contradiction with theory, however, may simply result from eccentricities that initially were close to zero.
In triple systems, the third star may cause some of the orbital elements of the close pair to vary with time. Changes in the eccentricity have been examined numerically by Mazeh & Shaham (1979) and both analytically and numerically by Sö derhjelm (1984) . Their results showed that even if the short-period system attained a circular orbit, its eccentricity would be modulated. From Mazeh & Shaham (1979) , we computed a modulation period of 56,000 yr. Fekel (1981) compared the short-and long-period orbital inclinations for 20 multiple star systems and found that at least 33% of the orbital pairs are not coplanar. For l Ori, the visual orbit has an inclination of 96=2. The minimum angle between the plane of that orbit and that of the Ba-Bb orbit is 15 , making them noncoplanar. Although the possibility that the visual and Aa-Ab orbits are coplanar cannot be dismissed, coplanarity requires almost the maximum possible mass for Aa ($2.6 M ) and the minimum for Ab ($0.5 M ). The properties of the Am star compared with evolutionary tracks suggest 27 < i A < 34 , and so these two orbits are probably not coplanar.
In the near future, it may be possible to resolve the shortperiod orbits and determine the inclinations directly. Observed at visual wavelengths, the subsystems of components A and B are just at the limiting resolution of the CHARA Interferometric Array on Mount Wilson.
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